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1 Introduction 
We are designing a new variable polarization, small spot size, high-resolution 

beamline for the Advanced Photon Source (APS), covering the energy range 250 to 2500 
eV which is to serve two experimental endstations.  One will be dedicated to “high”-
energy (~1000 eV) angle-resolved photoemission spectroscopy (ARPES), which is a bulk 
probe of the low-energy excited states in condensed matter while the other will be 
dedicated to resonant soft x-ray scattering (RSXS), which is a direct probe of electronic 
ordering. ARPES and RSXS are complementary techniques both technically and 
scientifically and are of interest to an overlapping scientific community.  
 
The source, an electromagnetic variable polarizing undulator (EMVPU), will be 
optimized for maximum brilliance and flux in the range of (1014-1015 
photons/sec/0.1%bw) and provide radiation with variable linear polarization and circular 
polarization.  Electromagnets will produce a quasiperiodic field to suppress higher order 
harmonics. A focusing variable line spacing plane grating monochromator (In-focus 
VLS-PGM) will provide a resolving power of 2,500 to 50,000 across the 250 to 2500 eV 
energy range with three gratings: a high-flux high energy grating, high-flux low energy 
grating and a high resolution grating.  Additional focusing of the beam via Kirkpatrick-
Baez (KB) pairs produce a spot size on the order of ! = 2 µm for the ARPES branch and 
a low beam divergence on the order of ! = 40 µrad for the RSXS branch. 

 
The application of photoelectron and x-ray spectroscopy in the 250 to 2500 eV 

energy range has the potential to significant advance our knowledge of condensed matter 
science by elucidating the low energy electronic excitations in bulk materials and 
artificial structures. These low energy excitions are what govern most of the physical 
properties in materials. Details of the photoelectron and x-ray spectroscopy experiments 
to be conducted are outlined in the next section. 

 
The proposed experiments, by their very nature, involve highly complex, 

ultrahigh vacuum set-ups with high-resolution electron energy or photon analyzers and 
in-vacuum goniometers, requiring painstaking alignment, bakeouts, etc. To run such 
experiments on a multi-purpose beamline would require using a large amount of 
beamtime for experimental setup, inevitably compromising productivity. Only a 
dedicated facility with associated beamline scientist(s), in the model implemented at the 
ESRF and SPring-8, has any real chance of success. To this end, a collaborative 
development team (CDT) has been formed with the APS, who is committed to contribute 
to construction, maintenance, operation, future improvements, and to provide the 
infrastructure for General User proposal review and access. 
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2 Scope of Scientific Program 
2.1 Vision and Goals 

One of the grand challenges for condensed matter physics in the 21st century is to 
understand the physics of materials that exhibit competing interactions. We refer 
specifically to materials in which several energy scales, such as valence bonding, 
Coulomb repulsion, and the kinetic energy of mobile electrons, are similar in size. The 
resulting ground state is a subtle compromise between these effects. These materials 
exhibit a startling array of electronic phases and a heightened sensitivity to external 
perturbations including changes in temperature, applied electric or magnetic fields, 
pressure, or nanopatterning. Two common examples are the manganese-oxides, in which 
small changes in applied magnetic field or temperature lead to large changes in 
magnetization or resistance, and the copper-oxides, which with increasing carrier density 
evolve from an antiferromagnet to a spin glass to a d-wave superconductor to a regular 
metal.  These effects are driven, it is believed, by a competition between valence bond 
order and the kinetic energy of valence electrons.  Other examples of such systems 
include spin ladder compounds, which have a spin gap and show charge ordering but 
become superconducting under pressure, and the triangular cobaltates which show 
frustrated ferrimagnetism and charge order but superconduct with the intercalation of 
water.  In most of these cases low-dimensionality plays a crucial role by amplifying the 
quantum fluctuations. By patterning these materials into nanoscale structure it may be 
possible to produce materials with new and even more novel behavior. 

 
Two conspicuous traits of materials with competing interactions, whether 

patterned or in single crystal form, are (1) a complex electronic excitation spectrum, 
resulting from the emergence of low energy collective modes, and (2) the emergence of 
new electronic length scales. To investigate these two categories of phenomena, we are 
developing an intermediate energy (IEX) beam line at the Advanced Photon Source 
(APS) with both a dedicated APRES endstation and a dedicated RSXS endstation.  These 
endstations will be on separate branch lines but will share the same source and beamline 
optics.  

 
2.2 Electron Spectroscopy – ARPES 

By measuring the kinetic energies of electrons following irradiation with 
monochromatic x-rays ARPES is used to determine electronic structure information. 
Such experiments aim to elucidate the low energy electronic excitations in materials, 
which govern most of their physical properties. To date, the energy resolution 
requirements of ARPES (10-30 meV) have required the use of relatively low energy x-
rays (<100 eV).  But unfortunately, the inelastic mean free path of the electrons is only 
~0.5 nm at these energies, so the surface makes a major contribution to the spectra. By 
increasing the incoming photon energy, the mean-free path of electrons increases 
exponentially. For example, for 1000 eV photons, the mean free path of electrons reaches 
2-3 nm, making it possible to study the bulk properties of materials. To be more 
quantitative, in a simple exponential attenuation model the surface fraction (SF) is 1 – 
exp(–d/l), where d is the “surface” length and l is the mean free path.  For conventional 
ARPES (~50 eV), d = 0.5 nm and l = 0.5 nm resulting in an SF = 0.63.  However, by 
going to 1000 eV, l increases to 2.5 nm, resulting in a SF = 0.18.  Therefore, the bulk to 
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surface contrast is increased by 350%.  Additionally, by varying the photon energy, say 
between 250 eV and 2000 eV, a comparison of the electronic structure of the bulk to that 
of the surface is possible. 

 
2.3 X-ray Spectroscopy – RSXS 

RSXS is a new diffraction technique in which sensitivity to charge and spin 
ordering is achieved by tuning the x-ray energy to atomic transitions, which weight the 
valence band.  Intermediate-energy x-rays (250 – 2500 eV) are particularly powerful in 
this regard as they access the K edges of nitrogen through sulfur, the L edges of the 
transition metals, and the M edges of the rare earths, which probe the valence bands of 
most known strongly correlated electron systems.  RSXS is therefore the natural probe of 
any kind of translational symmetry breaking in these systems and has recently been used 
to study charge transfer at an oxide interface, orbital ordering in manganatites, Wigner 
crystallization in spin ladders, and spectral weight modulations in stripe phases. 
Unfortunately, facilities in the United States for RSXS are currently very primitive. The 
proposed facility will provide full angular flexibility, access to liquid helium 
temperatures (~ 10 K), polarization tunability, fluorescence rejection optics for reducing 
the background known to plague this technique, reduced stray light, and a factor of 50 
higher intensity than the most powerful source currently available. 
 
2.4 Collaborative Development Team 

The Intermediate-Energy X-ray Collaborative Development Team (IEX-CDT), a 
close collaboration between the APS and Principle Investigators from the University of 
Illinois-Urbana Champaign and the University of Illinois-Chicago has been formed to 
develop, build and operate the IEX beamline, which is dedicated to the study of collective 
electronic phenomena in strongly interacting electron systems with intermediate energy 
x-rays. This collaboration was established after the Principal Investigators underwent 
extensive and stringent reviews by external referees and committees appointed to advise 
the APS. The fact that only four sectors remain at the APS necessitated a careful 
selection. As part of the selection process, each project was required to hold workshops in 
order to gauge the interest of community and the IEX-CDT was assigned Sector 29 as the 
site for the IEX beamline.  Inherent in the agreement with the APS is the availability of 
the facility to General Users, which, through their programs, greatly extends the 
usefulness of this facility, not only to the science of materials, but the training of students 
in general.  

 
As part of the agreement with the APS the facilities outline here will be 

maintained and operated by the APS. More importantly, the APS will contribute between 
$3 million to $4.9 million towards the construction, including the design and construction 
of the undulator, outfitting lab and office space, the beam line safety system, etc. The 
project will also benefit from the engineering expertise, strict safety oversight, and 
quality assurance procedures in place at the APS. The Principle Investigators were 
awarded an NSF grant for $3.9M over a period of three years, which will be used to 
cover the cost of the beamline and the end station. A detailed cost and schedule 
breakdown is shown in Appendix A. 
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3 Insertion Device: EM-VPU 
3.1 Scientific Case for Undulator Parameters 

The scientific mission of the IEX-CDT, to investigate collective excitations in 
strongly correlated electron systems via ARPES and RSXS, and requires the use of 
photons in the 250 to 2500 eV energy range. The advantage in using higher energy x-rays 
in ARPES is the increased bulk sensitivity, due to the increased elastic escape depth of 
the higher kinetic energy photoelectrons.  This increase in bulk sensitivity is particularly 
important in studying correlated electron materials.  The novel properties of these 
materials result from a delicate interplay of interactions (Coulomb, lattice, spin, etc.) with 
similar energy scales.  Small differences in the energetics like the difference between the 
surface and the bulk can lead to dramatically different properties.  In addition to being 
able to access the valance band of these systems, this range of photon energies will access 
to the K edge of oxygen, the L2,3 edges of the transmission metals, and the M4,5 edges of 
the rare earths, enabling the study of  species dependent charge and spin ordering with 
RSXS.  Having this range is extremely valuable as it also access Bragg peaks.  This aids 
in orienting the sample in situ, which for the (101) direction, a typical perovskite requires 
an energy of > 2000 eV. 

 
The ability to use circularly polarized photons and switch their helicity will 

provide added insight. For example, in ARPES experiments, one can determine the 
symmetry of the initial states by using polarization selection rules. Also, novel 
experiments use circular polarization to examine unusual phenomena such as time 
reversal symmetry breaking. In addition, circular polarization is also critical in the study 
of ferro- and ferrimagnetic materials in both ARPES and RSXS.  

 
The high intensity provided by IEX beamline should also enable new science.  

For example, a factor of 50 increase in flux over the current state of the art RSXS 
experiments, should permit, for example, detection of surface states which are probably 
responsible for the checkerboard ordering observed in Ca2-xNaxCuO2Cl2 but are localized 
to 1 nm instead of 50 nm, or the very small degree of charge ordering believed to occur in 
La2-xSrxCuO4 or La2CuO4+y. 

 
3.2 Technical Specifications of Undulator 

The IEX beamline will be located in Sector 29 of the APS and make use of a 
standard 5 m straight section for the 4.8 m long insertion device which is being developed 
by the APS Magnetic Devices group. One of the requirements for the device is the ability 
to operate the device in varying amount of quasi periodicity.  The technique of using 
quasi-periodicity allows one to shift the higher harmonics to non-integer values; as a 
result, the optics reject the higher harmonics.  The net gain in signal to noise on the 
detectors is huge compared to the loss of intensity due to quasi-periodic device.  The 
CDT team worked closely with the APS magnetic devices group over a course of a year 
to optimize performance while maximizing the intensity across the required energy range. 
The operating modes of the APS imposed some minimum requirements. Both an APPLE 
II style permanent magnet device and an electromagnet device were evaluated; the 
electromagmentic device was ultimately chosen due to its flexibility in the various 
operating modes. APS has built two 4 period prototypes: a 12 cm period device and a 
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12.5 cm period device.  The final device will have period length of 12.5 cm and a total of 
38 periods and is expected to operate in the range of 250 to 2500 eV in the first order. 
Details of the calculations for source selection are described in Appendix G. Also shown 
are details of the design of the device. 

 
Figure 1. Schematic of the IEX undulator design consisting of a steel core with vanadium permendur poles 
where the Bx poles are on the outside and the By poles run down the middles.   

 
Figure 1 above is the Schematic of the electromagnetic variable polarizing 

Undulator designed for IEX beamline. The parameters of the electron source and those of 
the insertion device (ID) are listed in Table 1. The device can be tuned down to 250 eV in 
horizontal polarization and down to 440 eV in vertical and circular polarization. The 440 
eV limit is due to vertical apertures in the storage ring. 



 8 

 
Table 1. Operating parameters for the IEX EM-VPU. 

 
Users will be able to define the operational modes of the device including the 

energy, polarization at the sample and the degree of quasiperiodicity.  Ramping down the 
current on specific poles allows for the continuous tuning from fully periodic to 
quasiperiodic.   This control enables users to select the optimal x-ray beam parameters for 
their experiment balancing overall flux (periodic) with suppression of higher order light 
(quasiperiodic).  In the quasiperiodic mode of operation there is an 18% reduction in the 
first harmonic but a 90% reduction in the third and higher odd orders, thus dramatically 
improving the signal to noise ratio (See Figure 2).  With the use of trim coils and tweaks 
to the pole geometry, the undulator will produce purely horizontal (vertical) linearly 
polarized light or left (right) circularly polarized light at the sample position of each 
branchline. 

General Period 12.5 cm

Gap 10.5 mm

Number of Periods 38

Horizontal

Linear

Polarization

Minimum Photon Energy 250 eV

Require vertical effective field 4510 Gauss

Current density in copper conductor 4.7 Amp/mm
2

Current 47.6 Amp

Turns per coil 62

Amp-turns 2951

Watts per coil 44.9 Watts

Total number of coils 152

Total power 6630 Watts

Maximum coil temperature 100
◦
C

Vertical

Linear

Polarization

Minimum Photon Energy 440 eV

Require horizontal effective field 3310 Gauss

Current density in copper conductor 4.9 Amp/mm
2

Current 50.3 Amp

Turns per coil 46

Amp-turns 2314

Watts per coil 44.2 Watts

Total number of coils 304

Total power 11868 Watts

Maximum coil temperature 100
◦
C

Circular

Polarization

Minimum Photon Energy 440 eV

Required horizontal and vertical effective field 2340 Gauss

Current at vertical effective field 20.7 Amp

Current at horizontal effective field 34.2 Amp1
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Figure 2.  On-axis flux of the fundamental and higher orders light for h! = 250 eV is plotted with a fully 
periodic pole configuration (red) and a 78% quasiperiodic configuration (dashed blue).  Running in the 
quasiperiodic mode significantly reduces the contribution from higher orders greatly improving the signal 
to noise. 
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4 Beamline Design 
The beamline has been designed to serve two experimental endstations. The first, 

a “high”-energy (~1000 eV) ARPES system requires very high resolving power 
(~50,000) and a small spot size at the sample.  The second, a RSXS system requires high 
flux, low beam divergence and moderate resolving power (~2,500). The beamline is 
optimized for the intermediate energy photon range (250-2500 eV) and will provide 1010-
1013 photons/sec over that range and at least 109 

photons/sec between 2,000 and 3,000 
eV. Both experimental techniques require good energy reproducibility, low harmonic 
contamination, highest possible flux, and stability in energy and beam position.  

 
4.1 Beamline Layout 

The beamline layout is relatively straight forward and in shown in Appendix B. A 
APS standard insertion device first optics enclosure (FOE), Sector 29-ID A-hutch, is used 
and contains the front end optics, two plane mirrors used to absorb the high heat load, 
beam stops and radiation shielding. A manual bridge mounted trolley chain hoist system 
with a one-ton capacity has been installed in the A-hutch.  Downstream of the FOE, the 
pink beam with an energy cut off at 3000 eV, is monochromatized via a focusing variable 
line-spacing plane grating monochromator (In-focus VLS-PGM). The monochromatic 
beam is then refocused via one of two Kirkpatrick-Baez (KB) optical pairs into either of 
the experimental chambers. The ARPES branch corresponds to the straight optical path. 
Inserting the first horizontal refocusing mirrors deflects the beam in the to the RSXS 
branch. The whole beamline will be windowless, operating under UHV conditions (< 4 " 
10-10 Torr) and will be in full compliance with APS vacuum policy including the use of 
Gamma One ion pumps, Grandville Phillips nude gauges and pumpout ports with 
convectron gauges and turbos backed by oil free pump.  All valves will be purchased 
from VAT; all-metal type will be used in radiation areas and high use areas.  Details of 
the individual components are in the sections that follow. The beamline is designed by 
the APS to APS standards.  All shutters and endstations will use APS standards for the 
personnel safety system (PSS) and beamline equipment protection system (BLEPS) as 
outlined in Section 5.   

 
 
All beamline components will be surveyed and aligned in place by the APS Survey 

and Alignment Group. A component list for survey and alignment purposed is included in 
Appendix E. In order to facilitate the ease of alignment, all components will be 
referenced via fiducial marks on the mounting assembly using the standard APS survey 
group flat spots.  These flat spots will be easily accessible and be located on the furthest 
parts of each vacuum chamber for increased accuracy.  All components are being 
designed with a tolerance alignment of ! 0.25 mm (20 µrad) and will have at least ± 1.00  
(0.5 mm) travel in the horizontal (vertical) for adjustment. 

 
The structure for the beamline utilities including clean, dirty and three-phase 

electrical power, de-ionized (DI) water supply and return pipes and compressed air 
supply and return pipes, will be similar to other utility supports at the APS. The beamline 
utilities locations are shown in the beamline layout (Appendix B). The large span 
between vertical columns is bridged by I-beams that are bolted to the columns.  The 



 11 

utilities will be dropped to the required locations. Two levels of cable trays will span the 
length of the beamline.  Additional cable trays will be mounted to the storage ring inside 
the A-hutch.  Connections to the APS supply transformers will be routed along the top of 
mezzanine outside wall. The power utility locations are listed in Table 2.  

 
Table 2. Location of electrical power utilities.  Each 120 VAC power strip has eight outlets. 

The house DI-water will be used for cooling of critical optical components with the 
exception of the monochromator, which will have a gravity fed water cooling system in 
order to reduce vibrations, 
 
4.2 Radiation Safety Systems 

The beamline primarily employs APS standard components.  When needed, 
modifications to the standard components have been made, and their associated thermal 
calculations were performed and are attached in Appendix D.  The components of the 
radiation safety system (RSS) are outline in the RSS Component Reference Table (See 
Appendix D) and are outlined in the following sections. 

4.2.1 Supplemental Collimator 
The supplemental collimator design is adapted from the design used for the 

Nanoprobe beam line.  The collimator blocks secondary Bremsstrahlung produced by 
mirrors M0 and M1. The requirements for the shielding are outlined in ANL/APS/TB-21 
with a total lead thickness of 50 mm. 

4.2.2 White Beam Stop/Pink Beam Mask 
Down stream of the supplemental collimator is the white beam stop/pink beam 

mask.  Designed to withstand the full synchrotron beam in the case of mis-steering, the 
white beam stop prevents any white beam from traveling downstream while allowing the 
pink beam to pass through.  The design has been adapted from the standard APS mask 
design and is made of water-cooled copper. 

4.2.3 Primary Bremsstrahlung Stop 
Located downstream of the white beam mask, the primary Bremsstrahlung stop  

consists of a stack of lead bricks with a total thickness of 300 mm.  

4.2.4 Secondary Bremsstrahlung Shielding and Collimators 
The secondary Bremshrahlung shielding design consists of tungsten collimators to 

absorb direct Bremsstrhlung radiation and lead wrapped stainless beampipe to preveng 
backscatter. The beam pipes located within the FOE and at the exit of the A-Hutch are 
wrapped in eight complete layers of 0.063 inch thick lead. A ninth layer will be used if 
sheets are spliced together.  The lead, which is free from porosity, oxide, inclusion, 

Locations Clean Power Strips

(120 VAC)

Dirty Power Strips

(120 VAC)

Dirty 3- Phase Power

Outlets (208 VAC)

Inside 29-ID-A 8 8 3

Outside 29-ID-A 2 2 1

Support post 11 11 6

Total 24 24 11

1
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fissures and voids, will be coved by a single sheet of rolled aluminum that will then be 
welded or clamped in place. 

4.2.5 Pink Beam Stop 
Due to the relative low heat load, this beam stop intercepts the pink beam at 

normal incidence. The component consists of a stainless steel/copper/stainless flange and 
is water-cooled in the area of the beam-striking zone. 

4.2.6 Monochromatic Beam Shutters 
A set of redundant monochromatic beam shutters are located in front of the 

monochromator exit slit in each branch of the beamline.  These shutters are used to allow 
safe access to components downstream for maintenance.  A standard blank conflat flange 
with an aperture below the centerline for the monochromatic beam will be used. 
 Additional material material is removed on the sides for increased pumping conductance.  

4.2.7 Beam Mis-steering Analysis 
The motions for the high heat load, side-bounce mirrors, M0 and M1 each are 

controlled via a hexapod system.  A hexapod system consists of six independently 
controlled struts that are used for precision motion within all six degrees of freedom.  
Because the six struts move independently in non-orthogonal directions the system does 
not have hard stops other than that determined by the length of the struts. The control unit 
is doubly redundant, both the motor controllers and the encoders are independently 
monitored.  If one moves without the other or outside of the soft-limit range, controlled 
via limit switches, the motors shut off.  The range of each of the six struts acts as a hard 
stop, providing a limit to range motion corresponding to ±7° about the beam axis, ±7° 
about the horizontal and ±13° about the vertical for both M0 and M1.  The total power 
transmitted is dependent on the angle of incidence and mirror surface material (bare 
silicon, Au or high density graphite stripes for M0).  Taking the worst case, mis-steering 
of white beam using the Au stripe, the total transmitted power, integrated over all 
energies, is calculated as a function of incident angle, shown in  Figure 3.  Two 
independent power calculations were performed using Shadow/XOP with the IEX 
insertion device operating with a 200 mA beam current as the source, the details of which 
are in Appendix D The transmitted power sharply drops off as the mirror angle is 
increased from grazing.  For a 4.5 mm " 4.5 mm beam, the typical integrated power 
threshold for cooling is 10 Watts, this corresponds to a misalignment of 2.8° for M0.  
Using ray tracing to model the mis-steered beam, two masks have been designed to 
intersect the horizontal and vertical mis-steered beam, Mask 1A and Mask 2A, 
respectively.  Upstream of  the secondary Bremsstrahlung collimators additional water-
cooled masks, labeled Mask 3A, Mask 4A and Mask 5B, act as masks for mis-steered 
pink beam which is transmitted through Mask 1A and Mask 2A. Detailed drawings of the 
masks and thermal analysis are presented in Appendix D; ray traces are included in 
Appendix C.  Mis-steering masks are not required for any of the remaining downstream 
optics since any reflections after M1 have less than 10 Watts power. 
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Figure 3.  The total power transmitted by M0 as a function of incident/reflected angle. 

 
 
4.3 Optical Design 

A schematic drawing of the beamline showing the two branches is displayed in 
Figure 4. The beamline will use an APS standard high heat load front end similar to one’s 
used in sectors 30 and 26.  The front-end exit table will be housed in the FOE.  Due to the 
various modes of operation of the ID for this beamline, the first pre-mask and the exit 
mask have been tailored to this beamline. All Bremsstrahlung radiation will be contained 
inside the FOE.   Details of the radiation ray tracing are found in Appendix C. 
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Figure 4. Schematic plan and elevation views of the beamline. Horizontal deflection plane mirrors M0 and 
M1; vertical deflection plane mirror M2 with grating monochromator; retractable cylindrical horizontally 
focusing M3R for the RSXS branch; cylindrical vertically focusing M4R for RSXS branch; elliptical 
cylinders focusing horizontally (M3A) and vertically (M4A) at the sample position of the ARPES branch. 

 
In order to achieve the desired technical specifications, the beamline consists of 

the following optical elements moving downstream from the shield wall: M0 and M1, 
which are used to handle the high heat loads produced by the insertion device, a variable 
line-spacing plane grating monochromator (VLS-PGM), and refocusing KB optics.  Each 
branch line has its own resolution defining vertical slits and refocusing optics. The 
refocusing is done by a KB pair consisting with of horizontal focusing mirror, M3A(R), 
and a vertical focusing mirror, M4A(R), for the ARPES(RSXS) branch, respectively.  
The M3R mirror also serves to deflect the beam into the RSXS branch while the straight 
through beam goes into the ARPES branch.   
 

The monochromator does not utilize an entrance slit, thereby allowing for higher 
beamline transmission and the use of planar optical components. The design is an in-
focus VLS-PGM based on the Bessy SX-700.  It is made up of a plane mirror rotating 
around an axis not on the mirror surface followed by a grating rotation around its pole.  
This new generation of plane grating monochromators combined with a stable source 
should provide the required beam stability and reproducibility.  By selecting one of three 
grating the photon energy, flux and resolving power can be tailored for the specific 
experiment.  A high-resolution grating (HEG), optimized for ARPES experiments 
provides 1010 photons/sec with a resolving power of 50,000 over the 250-2,500 eV range, 
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for a 20 µm exit slit width.  The high flux requirements for RSXS are achieved with two 
gratings both with a resolving power of 2500.  The low-energy grating (LEG) produces 
1013 photons/sec over the 250-2,500 eV range. The medium energy grating (MEG) 
produces 1012 photons/sec for the 250-2500 eV range and 109 photons/sec in the 2500-
3000 eV range.  Increasing the resolving power of the MEG to 10,000 produces 1011 
photons/sec over the 250-2,500 eV range. 

 
 The position and parameters of the optical elements are given in Table 2. In the 

sections following, we briefly describe the function of each of the optical components, 
the relevant equations used in the analytical calculations and their results, as well as ray 
tracings and flux estimates.  
 

 
Table 3. Figure, distance from the source, height above the beam plane, deflection angle, deflection mode, 
optical size, and function of the optical elements of the two branches (or comment). The optical size for a 
mirror is length " width and for a cross section is horizontal " vertical. (Values calculated as 4 times the 
RMS value at 200 eV.)  

 

4.3.1 Mirrors M0 and M1 
The first two optical components (M0 and M1) serve as high-heat load 

components providing power filtering and higher harmonic rejection.  As part of the 
front-end optical design a 4.5 mm " 4.5 mm portion of central synchrotron radiation cone 
is selected.  This photon beam is deflected toward the outboard side via two water-cooled 
side bounce mirrors, M0 and M1, which deflect the beam by 0.8° and 3.0° respectively, 
in the horizontal plane. Deflections in the non-dispersive direction take advantage of the 
small vertical spot size of the source (see Figure 5). This means that the sagittal figure 
errors of the first mirror, due to manufacturing or heat induced, will be attenuated by the 
forgiveness factor (i.e., the sine of the grazing angle of incidence on the mirror). 
However, the figure errors along its meridional direction will affect the horizontal spot 
size at the sample. The two mirrors are located within the same UHV vacuum chamber as 
shown in Figure 5.  Each mirror is mounted on an independent computer controlled 
hexapod for alignment purposes.  These hexapods are mounted on a granite block to 
ensure vibrational stability. 

 
 

Figure Distance

(m)

Height

(mm)

Deflection

Angle

Deflection Size

(mm×mm)

Function/Comment

M0: Plane 30.8 0.0 0.8
◦

Horizontal 520×4 Heat load sink

M1: Plane 31.3 0.0 3.0
◦

Horizontal 150×4 Heat load sink

Monochromator: M2 39.3-39.6 0.0 0.8
◦
-5.75

◦
Vertical 80×5 In-focus VLS-PGM

Monochromator: Grating 39.7 -15 1.4
◦
-6.3

◦
Vertical 75×5 In-focus VLS-PGM

Meridional cylinder: M3R 43.7 40.8 2.5
◦

Horizontal 200×5 Horizontal focusing

Slit RSXS 59.7 264.0 2×variable

Meridional cylinder: M4R 64.7 333.8 2.5
◦

Vertical 70×1 Vertical focusing

RSXS focus 69.7 185.4 0.7×variable Beam down by 1.7
◦

Slit ARPES 59.7 264.0 8×variable

Elliptical cylinder: M3A 64.3 328.5 3
◦

Horizontal 280×2 Horizontal focusing

Elliptical cylinder: M4A 65.1 339.6 3
◦

Vertical 65×5 Vertical focusing

APRES focus 66.3 293.5 0.4×variable Beam down by 2.2
◦

1
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Figure 5. (a) Schematic of the two plane mirrors M0 and M1 used for power absorption. (b) the chamber 
design for the mirrors, each mirror sits on an independently controlled hexapod used for alignment.  

 
To absorb the power emitted at high photon energies (>3000 eV) by the insertion 

device when operated in linear mode and high K values, the angle of grazing incidence on 
this mirror should be larger than 1.2°. The resulting power density absorbed by a single 
plane mirror would be greater than 1.9 W/mm2. In order to obtain power densities that 
would not impair the performance of the beamline, we have instead opted to use two 
plane mirrors to handle the high heat load generated by an insertion device designed for 
relatively low photon energies in a 7 GeV machine. Each mirror has a small mask to 
protect the upstream face of each mirror from mis-steered synchrotron radiation beam 
exposure.  These masks are located inside the mirror tank with their shallow edges 
protruding beyond the upstream edge of the mirror by a few micrometers.  They are water 
cooled and designed to withstand the full SR beam.  Additionally, since Compton 
scattering is a significant source of heat, shielding has been designed to prevent radiation 
from striking the mirror support, which would resulting in drift and a change in mirror 
angle.  

 
The highest power density absorbed by M0 is when the insertion device is turned 

to emit low photon energies, which correspond to high fields.  The maximum power 
density is 0.55 W/mm2 at 250 eV, corresponding to an absorbed power of 920 W.  For 
M1, the highest power density absorbed is when the ID is turned to emit linear polarized 
photons at 770 eV.  With either the horizontal or the vertical polarization the power 
density is 0.45 W/mm2 and the total absorbed power is 280 W.  Details of the power load 
calculations can be found in Appendix F. 

 
Each of the single crystal silicon mirrors will have sufficient vertical travel to 

allow the selection of a fresh reflecting surface. M0 has an Au coating across the entire 
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optical surface while M1 has both a Au stripe and a high-density graphite in addition to 
the bare Si surface. For both mirrors all optical coating are 30 nm thick with a RMS 
roughness < 0.3 nm.  The two coatings on M1 are 15 mm wide and run the full length of 
the mirror.  The M0 has a meridional (sagittal) radius ! 1"107 mm (! 3"106 mm), while 
M1 meridional (sagittal)  ! 3"107 mm (! 3"106 mm).  For both mirrors the slope error " 
0.5 µrad (" 2 µrad).  M1 can be fully retracted so that the reflectivity of M0 and 
degradation can be monitored. 

 
 
Mask1A has been incorporated into the mirror tank This mask in concert several 

other masks (Mask 2A, Mask3A, Mask 4A, and Mask5B) act to intercept any mis-
steering of either M0 or M1.  A full analysis of these RSS components is presented in 
Section 4.2.7 and in Appendix D. 

 
The reflectivities of all mirrors, assuming an Au coating, were calculated using 

the optical constants given in the Henke tables such that the reflectivity decreases by the 
factor exp(#(4$% cos&/')2), where & is the angle incidence on the mirror with respect to 
the surface normal and assuming a RMS roughness % = 0.3 nm.  

 
Figure 6. Mirrors reflectivity for M0 (black) and M1 (red) assuming 0.3 nm RMS roughness. In the figure 
scale the s (vertically polarized light) and p (horizontally polarized light) reflectivities are indistinguishable. 

   

4.3.2 In-focus VLS-PGM 
The monochromator is a variable line spacing plane grating monochromator 

(VLS-PGM) consisting of a vertically reflecting (downward facing) plane mirror, M2, 
and three separate gratings (upward facing). The assembly which resides within the same 
UHV vacuum chamber also includes a high-precision, computer-controlled, mechanism 
to select which of the three grating is to be used and for the independent but 
simultaneously coordinated motion and rotation of both the plane mirror and the grating.  
The broad-spectrum “pink” radiation is deflected by M2 onto the grating. After being 
diffracted off the grating the monochromatic beam is vertically deflected 0.8° upward and 
is focused on the exit slits. The meridional (sagittal) radius of M2 is !3"107 (!3"106) 
with and RMS slope error < 0.2 µrad (< 1.0 µrad). 
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Figure 7. VLS-PGM based on the SX-700 design which uses a plane mirror (M2) to deflect the photon 
beam onto the grating at the appropriate angle such that the monochromatic beam is focused on a fixed 
point (the exit slit) for all photon energies.  (a) In the schematic the horizontal photon beam (shown in red) 
is deflected downward by # onto one of three gratings at an incidence angle of $ and is then diffracted by 
angle % at a take off angle 2& with respect to the horizontal. (d) a conceptual drawing of the IEX 
mirror/grating assembly. (c) The CAD drawing shows a similar device with a slightly different geometry 
(the beam is deflected upward onto one of three gratings). 

 
The in-focus VLS-PGM has the advantage that the beam is focused, at all photon 

energies, at a fixed exit slit. This focusing is done by using a plane mirror, M2, to deflect 
the beam downwards (in the dispersion plane) to illuminate the grating at the correct 
angle of incidence and is accomplished by rotating and translating the mirror. The 
rotation and translation are actually incorporated in a simple rotation around an axis not 
on the mirror surface. The angle of incidence on this mirror is given by  

! 

" =
# $ %
2

+&       (1) 

where, $ is the incident angle on the grating, ( is the diffraction angle (negative) and & is 
the take-off angle of the monochromatic beam ()=0 means that after the grating the 
selected photon energy is in the horizontal plane). It is advantageous in terms of 
monochromator efficiency to choose ) > 0 since this increases the angle of incidence on 
M2 and therefore its reflectivity. This implies that more power and higher orders are 
transmitted to the grating. Choosing & = 0.4° increases the mono efficiency with only a 
small deviation from the horizontal plane. The beam after the grating has an angle of 2) 
relative to the horizontal plane, (0.8° upward). 

 
The reflectivities of M2 when operated with the three selected gratings are shown 

in Figure 8.  Even with & = 0.4°, the reflectivity of M2 is relatively low. However, the 
drop in efficiency is a gain in the overall performance of the beamline as this provides 
better suppression of higher order light and thus a better experimental energy resolution. 
Coating the single crystal silicon mirror with high density graphite will increase the 
reflectivity for lower photon energies, h! < 1000 eV, except at the carbon K-edge and 
will suppress higher orders.  However, this increase in reflectivity is not sufficient for use 
with the LEG where low line density means a large angle of incidence of M2 is needed; 
therefore an Au coating is needed even though it enables the transmission of higher 
orders.  By having two coatings, Au and high-density graphite, we can optimize flux or 
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energy resolution depending on the position on the mirror.  Each stripe, the Au coated, 
the high density coated and the bare Si, will be 10 mm wide and run the full length of the 
grating. The mirror coatings are 30 nm thick with an RMS roughness < 0.3 nm.  

 

 
Figure 8. M2 mirror reflectivity with the different gratings, HEG (red), MEG (black) and LEG (blue), and 
different reflective coatings, Au (solid) and high-density graphite (dashed). 

 
In order to produce the optimal beam parameters for experiments, three separate 

gratings are being produced.  A high-resolution grating (HEG) is used primarily for 
ARPES.  A high flux grating is optimized for the lower photon energies (LEG), while the 
MEG grating will produce reasonably high flux with “good” resolution and can go to 
3000 eV.  The line density, k, of each VLS grating along its length, w, is given by  

! 

k(w) = k0(1+ 2b2w + 3b3w
2 + 4b4w

3 + ...)   (2) 
where k0 is the line density at the grating center, w = 0, (w is positive towards the exit slit) 
b2 and b3 are coefficients derived from the defocusing term (f20) and the coma term (f30) 
in the optical path which are given by 

! 

f20 =
cos2"
dSoGr2

+
cos2 #
dGrEx 2

$ 2b2nk0%    (3) 

and 

! 

f30 = sin"
cos2"
dSoGr2

+ sin#
cos2 #
dGrEx 2

$ 2b3nk0%   (4) 

where $ is the angle of incidence on the grating, % is the diffraction angle, dSoGr is the 
distance from the source to the grating, dGrEx is the distance from the grating to the exit 
slit, n is the diffraction order, k is the line density of the grating, ' is the wavelength of 
the light.  Table 4 shows the parameters chosen for each grating. 
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Table 4. The grating parameters for the three gratings the high-resolving power grating (HEG), the 
moderate flux, moderate intensity grating (MEG), and the high flux grating (LEG) are given, where, % is 
the diffraction angle, and $ is the incident of the grating. 

 
By using a plane mirror (M2) upstream of the grating, the grating is illuminated at the 
optimal incident angle for all wavelengths and the defocusing term goes to zero.  The 
coma term is not identically zero for all wavelengths but is negligible as compared to the 
other terms determining the resolution of the monochromator.  The contributions to the 
wavelength resolution are due to the vertical source size, the exit slit, and the slope errors 
of the grating and the plane mirror and are given by  

 

! 

"#so =
2.7 $y cos%
n k dSoGr

,     (5)  

! 

"#ex =
s cos$

n k dGrEx
,     (6) 

! 

"#gr =
5.4 $ gr

n k
cos

% + &
2

' 

( 
) 

* 

+ 
, cos

% - &
2

' 

( 
) 

* 

+ 
, ,  (7) 

! 

"#pm =
5.4 $ pm

n k
cos %( )    (8) 

 
where, (y is the RMS vertical source size including the electron and photon contributions, 
s the slit width, and !gr and !pm are the RMS meridianal slope errors on the grating and 
plane mirror, respectively. The sagittal slope errors on the upstream plane mirrors (M0 
and M1) also affect the resolution. However, their effect is very small due to the large 
“forgiveness factor” on these mirrors. Figure 9 shows the resolution components and the 
total resolution expected for each of the grating. 

  
 

Grating c = cos β
cosα k0 (mm

−1
) b2 (mm

−1
) b3 (mm

−3
) Blaze angle

HEG 4.2 2400 0.544×10
−4

2.60×10
−9

1.6

MEG 2.2 1200 0.695×10
−4

2.97×10
−9

1.0

LEG 1.5 400 1.100×10
−4

4.00×10
−9

0.5

1
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Figure 9. The resolution contribution of the individual optical components, source (gold), the plane mirror, 
M2, assuming an RMS roughness of 0.02 arcsec (black), the grating due to an RMS roughness of 0.2 arcsec 
(blue) and a 10 µm exit slit (green) in addition to the total resolution (red) are plotted for (a) the HEG (b) 
the MEG and (c) the LEG.  The ray traces as preformed via the Shadow code are plotted for 1000 eV 
(black) and 1000.03 eV (red) for (d) the HEG and (e) the MEG. 

 
By zeroing the defocusing term in the optical path the monochromatic beam is 

focused on the exit slit.  The resolution limit of the monochromator, without the exit slit 
contribution, are verified against ray tracings.  The ray tracing was preformed using the 
Shadow code and included the sample RMS slope errors as the analytical calculations 
and are shown in Figure 9 (d,e). Note that the Gaussian shape of the ray distributions 
demonstrates that aberrations are negligible. 

 
The high resolving power required in the ARPES branch can be achieved with a 

VLS grating having a central line density of 2400 l/mm (HEG) operating at a c value 
(=cos!/cos") of approximately 4.2°. The calculated contributions to the energy resolution 
(using Eqs. 5-8) due to the source, RMS slope error of 0.02 arcsec on M2 and the grating, 
a 10 *m exit slit, and their vector sum are shown in Figure 9 (a). Except at the lowest 
photon energies, the main contribution to the overall energy resolution is that due to the 
exit slit width. A resolving power (E/)E) higher than 50,000 can be obtained for photon 
energies up to 1500 eV assuming state of the art (0.02 arcsec) slope errors on the plane 
mirror and grating and a 10 *m exit slit. Actually, slit widths narrower than 10 *m allow 
obtaining this high “resolving power” at photon energies higher than 2000 eV. The 
resolution limit of the monochromator (without the exit slit contribution) with the HEG is 
5.2 meV at 500 eV, 12.5 meV at 1000 eV, and 21.6 meV at 1500 eV.  

 
Higher flux and good resolution for ARPES can be obtained with a VLS grating 

having a central line density of 1200 l/mm (MEG) operating at a c value of 
approximately 2.2°. The resolution terms of this grating as a function of the photon 
energy are shown in Figure 9 (b). Up to 1500 eV the resolution is dominated by the 
source size. At higher photon energies the dominant contribution is that of the 10 *m slit. 
Up to 2000 eV a resolving power on the order of 10,000 can be achieved. The resolution 
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limit of the monochromator, without the exit slit contribution but including the grating, is 
30 meV at 1000 eV. This grating is also used for higher energy RSXS experiments 
(2000-3000 eV) with a resolving power on the order of 2500. 

 
The RSXS experiments require the highest possible flux at moderate resolution, 

200 meV up to 1000 eV. For the energy range up to 1900 eV we have chosen a grating 
with a central line density of 400 l/mm (LEG) operating at a c value of approximately 
1.5. The resolution terms of this grating are presented in Figure 9 (c). In the figure we 
show the contribution of a slit width of 10 *m as for the other two gratings. Clearly, to 
achieve a resolution of 200 eV requires slit widths at least ten times larger than 10 *m. 
This means that the energy resolution will be dominated by the exit slit width. Therefore, 
energy dispersion will be present at the sample plane unless the focusing is detuned by 
selecting a c value (the ratio of the cosine of the diffraction angle and cosine of the 
incident angle) different than the one fulfilling the focusing condition. The cutoff energy 
of 1900 eV in the figure is due to the length (440 mm) of the optical surface of M2. 
Higher photon energies required in the RSXS experiments could be achieved with the 
MEG grating using slit widths of tens of micrometers.  
 

The grating efficiencies were calculated using Neviere’s code assuming a Au 
coating and constant groove densities and are shown in Figure 10 using the parameters 
listed in Table 4. We included a RMS roughness of 0.3 nm by multiplying the 
efficiencies by the reflectivity reduction of this roughness on a mirror at the same 
included angles. The HEG efficiency is higher than 5% between 330 and 1860 eV, the 
MEG is higher than 12% between 360 and 2140 eV, and the LEG is over 20% over its 
scanning range. 

 
Figure 10. Grating efficiencies for the HEG (black), MEG (blue), and LEG (red) gratings are plotted as 
function of photon energy, assuming an RMS roughness of 0.3 nm. 

 
The flux after the monochromator as a function of photon energy is plotted in 

Figure 11. These values were calculated taking into account all the preceding optical 
components starting with the flux emitted by the insertion device integrated over the 
central cone, the reflectivity of all mirrors (Figure 11), the grating efficiency and the 
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bandwidth correction for the 10 µm slit. Working with circularly polarized light nearly 
doubles the flux.  

 

 
Figure 11. Flux expected at the sample of the ARPES station with the HEG (black), MEG (blue) and LEG 
(red) are plotted as a function of photon energy with various resolving powers. 

 
To obtain the 50,000 resolving power required for the HEG, the exit slit needs to 

be 30 *m at 200 eV and 7 *m at 1800 eV. The beamline will deliver almost 2 + 1010 
photons/sec in the entire HEG energy range (200 - 2,000 eV). Working with the MEG at 
a resolving power of 1,000 increases the flux by more than one order of magnitude and 
requires an exit slit width between 100 and 33 *m for the above mentioned energy range. 
By going to a lower resolving power 2,500, the MEG will transmit photon energies up to 
3000 eV with more than 2+109 photons/s (except at the Au M-edges due to the Au 
coating). The LEG will provide over 4 + 1012 photons/sec at the RSXS sample position 
over its full energy range (200 – 1900 eV) with a slit width 200 *m at 200 eV and 66 *m 
at 1900 eV.  

 
The power absorbed in the first four optical elements was calculated with the ID 

Power routine for several cases. These results were summarized in our report “Power 
absorbed by the IEX optical elements” dated October 28, 2008 (Appendix F). The power 
calculations for M0 and M2 were used by Y. Jaski as input for finite element analysis 
calculations of these mirrors assuming side cooling. Her results for the deformations of 
M0 and M2 were incorporated in SHADOW to assess whether they can be corrected. 

 
The maximum absorbed power density on M2 is 0.06 W/mm

2 
at 384 eV and 

corresponds to a total absorbed power of 32 W. Figure 12 shows that the deformation due 
to this absorbed power is enough to increase the vertical size at the exit slit by almost a 
factor of two. This means that the resolution limit deteriorates by almost the same factor. 
The original spot size is almost recovered by changing the c value from 4.2 to 4.273. A 
similar correction can be performed with M3 (assuming it is bendable) to the 
approximately threefold increase in the horizontal spot size at the ARPES station due to 
the deformation of M0. 
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Figure 12. Spot patterns at the exit slit of the ARPES branch for a (a) perfect M2,  (b) with slope errors on 
M2 due to the absorbed power and (c) after correction done by monochromator tuning including slope 
errors due to heating. 

The monochromator tank is equipped with a water-cooled, zero-order beam stop 
(pink-beam) In the event that mirror M2 is translated out of the direct beam coming from 
upstream mirror M1, this beam strop intercepts the direct beam and avoids unnecessary 
heating of the vacuum chamber system.  When M2 is in the correct position, this beam 
stop will intercept any high-energy radiation passing through M2 and again avoiding 
unnecessary heating of the vacuum chamber. 

4.3.3 Refocusing Optics 
The requirements for spot size and divergence of the photon beam at the sample 

position is different for the two types of experiments. A small spot size is required for 
ARPES measurements while a low beam divergence is more critical for RSXS 
experiments.  Therefore, each branch line has its own refocusing optics in the form of a 
Kirkpatrick-Baez (KB) optical pair.  Both the horizontally focusing mirror (M3A) and the 
vertically focusing mirror (M4A) are elliptically figured mirrors in the ARPES branch 
with a demagnification of 31.15:1 and 4.5:1, respectively.  The horizontal focusing mirror 
(M3R) of the RSXS branch also acts to deflect the photon beam horizontally into the 
RSXS chamber (the straight, undeflected, beam goes to the ARPES branch) while M4R 
focuses the beam vertically. These nominally planar mirrors provide little 
demagnification but significantly reduce the beam divergence.  The parameters for all 
four of these Au coated mirrors are outlined in Table 5.  Note that the horizontal focusing 
mirror for the RSXS endstation, M3R is inserted into the beam path to deflect the 
monochromatic beam into the RSXS end station or is fully retracted to let the 
monochromatic beam pass into the ARPES endstation. 
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Table 5. The optical parameters are listed for the ARPES horizontal (M3A) and vertical (M4A), and the 
RSXS horizontal (M3R) and vertical (M4R) refocusing mirrors. 

 
The spot pattern at the sample position for both the ARPES and RSXS branches at 

200 eV are shown in Figure 13 with an exit slit width of 10 µm and 100 µm respectively. 
In addition to the slope errors on the upstream optical elements, the ray tracings include 
state of the art meridional RMS slope errors equal to 0.1 arcsec on the elliptical cylinder 
mirrors. As seen in Figure 13 (a), the RMS spot size along the vertical direction is 1.7 *m  
and 8.9 *m in the vertical direction. The spot pattern at the sample position of the RSXS 
branch, Figure 13 (b), is 170 *m along the horizontal and 30 *m along the vertical 
direction. The corresponding spot pattern of the beam divergence is seen in Figure 13 (c). 
The beam divergence in both directions is significantly less than 300 *rad. Since this case 
corresponds to the largest divergence, the beam divergence requirements of the RSXS 
experiments are fulfilled. All optical components are moveable having both in-vacuum 
translation and rotation for alignment purposes 

ARPES branch M3A M4A
Meridional Ellipse

semi-major axis 33150 mm 3300mm
semi-minor axis 296.9 mm 66.64 mm

Sagittal radius ≥ 3× 106 mm ≥ 3× 106 mm
Meridional RMS slope error ≤ 1.0µrad ≤ 1.0µrad
Sagittal RMS slope error ≤ 2.0µrad ≤ 2.0µrad
Magnification 0.31 0.22
Spot size at sample with hν = 200 eV and a 10 µm exit slit

σx 1.7 µm
σy 8.9 µm

RSXS branch M3R M4R
Spherical radius 1.495× 106 mm 2.292× 106 mm
Meridional RMS slope error ≤ 1.0µrad ≤ 1.0µrad
Sagittal RMS slope error ≤ 2.0µrad ≤ 2.0µrad
Magnification 0.6 1
Spot size at sample with hν = 200 eV and a 100 µm exit slit

σx 170 µm (43 µrad)
σy 30 µm (78 µrad)

1
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Figure 13. Shadow ray-tracing histograms show the spot pattern at the sample position for 200 eV photons 
including slope errors at (a) the ARPES station with10 *m slits and (b) the RSXS station with 100 *m slits 
in mm. The divergence of the RSXS beam at the sample position is shown in (c). 

 

4.3.4 Beamline Diagnostics 
For beamline alignment and commissioning we are installing several different slit 

assemblies and diagnostics chambers that are labeled on the beamline layout.  The 
nomenclature reflects which part of the EPS controls system the diagnostic (D) chambers 
belong (A for the FOE, B for area downstream of the FOE but upstream of the branch 
line split, C for the ARPES branch and D for the RSXS branch). The diagnostics are 
outlined in the schematic layout of the beamline below in Figure 14. Moving downstream 
from the exit table the first diagnostic system is a set of white beam slits (Slits 1A).  
These slits are electrically isolated so as to be used for beamline alignment by measuring 
the photoemitted current, in addition to being used to select a 4.5 mm " 4.5 mm section 
of the central cone.  Also located within the FOE, just downstream of M0/M1 is a wire 
cross-hairs used for beam position monitoring (D1A) of either white beam or pink beam. 
Downstream of that we are installing a W mesh (D2A) and DiaGon or similar diagnostic. 
The photoemission current of the tungsten mesh will be used to track the integrity of both 
M0 and M1 mirror surface over time.  The DiaGon design allows for the imaging of the 
high flux /high power undulator beam. A specially selected thin film multilayer, inserted 
into the beam at 45°, acts as an energy filter and diverts the beam to a scintillator with 
CCD camera.  The resulting image is used to determine the actual optic axis and 
alignment of all apertures upstream of the detector and the presence of higher orders.  
Additionally, careful analysis of the intensity profile as a function of undulator magnetic 
fields, allows one to characterize the source including energy dependence, polarization 
and divergence.  The M0/M1 mirror system was designed to allow for the full retraction 
of M1 enabling beam characterization after deflection by M0 only or after deflection by 
both M0 and M1.  After commissioning this in concert with the mesh will be used to 
monitor the surface quality of the mirrors.   
 Downstream of the monochromator is another diagnostics chamber (D3B) 
followed by another slit assembly (Slit 2B).  These horizontal slits, which are used to 
clean up the photon beam by removing any stray rays, are electrically isolated and can be 
used as a beam position monitor. The diagnostic chamber contains a YAG crystal will be 
used as a phosphor screen and a gold mesh for measuring photoemission current.  Further 
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characterization of the monochromatic beam, including energy resolution determination, 
will be done in an in-line photoadsorption gas-cell.  Located downstream of the exit slit 
in the ARPES branch, the gas-cell with utilizes a VAT valve fitted with Luxel filter.  
These filters can withstand Torr level pressure differential.   

In order the ensure that the photon beam is being properly deflected into the 
RSXS branch by the horizontal deflecting mirror (M3R), a YAG crystal with an etched 
scale can be inserted into the beam (D4 C/D).  In each branch line, just downstream of 
the monochromatic beam shutters, is YAG crystal (D5C and D5D). Between the last 
refocusing mirror (M4A/M4R) and the endstation(ARPES/RSXS) in each branchline a 
final diagnostic chamber (D6C/D6D) sits.  Both feature a YAG crystal, gold mesh and an 
absolute intensity photodiode.  The RSXS diagnostic chamber (D6D) will also have 
several reference samples/standards for energy calibration and a sputter gun for cleaning 
the references and the Au mesh. 
 

 
Figure 14. A schematic layout of the beamline and diagnostics. 

4.4 Beamline Vacuum Systems 
The beamline has been designed in full compliance of the APS vacuum policy.  This 

beamline is window-less and operates under UHV conditions (< 4 " 10-10 Torr).  All 
beamline components are designed to UHV standards.  The beamline and the endstations 
will use Gamma Vacuum ion pumps for vacuum pumps and will use Granville-Phillips 
nude ion gauges.  All gate valves will be APS standard VAT style valves.  All metal 
valves will be used in the FOE and for any frequent use valves.  Each valved-off section 
of the beamline will have an ion pump, an ion gauge and a pump-out section, which 
consists of a tee or cross with a convectron gauge and angle-valve, to which a turbo cart 
can be connected.  Oil-free roughing pumps back all turbo pumps. 

Vacuum valves are to be interlocked with the pressure gauges, ion pumps and 
temperature components (flow meters and thermocouples) both upstream and 
downstream of the valve.  
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The white beam shutter will be interlocked with all valves upstream of the 
monochromator to protect them from white beam and pink beam exposure.  The shutter 
will not be opened when any valves could possible be exposed to white or pink beam.   

Nitrogen gas with suitable over pressure release valves will be used for venting any 
vacuum component. 
 
4.5 End Stations 

4.5.1 ARPES Endstation 
The ARPES end station follows previous successful designs. The station will be 

equipped with a Scienta R4000-WAL 0.1 commercial analyzer shown in Figure 15, 
which has been developed to work at intermediate (~1000 eV) photon energies to be used 
in this instrument. A partial view of the sample chamber design is shown in . The 
analyzer performance characteristics are shown in Table 6 below. 

 
Figure 15. Scienta R4000-WAL 0.1 analyzer has an acceptance angle of ±15° and an energy resolution ~10 
meV( at h* = 1000 eV).  

 
The Scienta analyzer has been developed to work at these intermediate (1000 eV) photon energies.  The 
performance characteristics are shown in Table 6. 

 

 
Table 6.  The performance parameters of the Scienta R4000-WAL 0.1 analyzer are listed. 

 

Pass Energy
(eV)

Angular
Acceptance

Angular
Resolution

Momentum Resolution
at hν= 1 keV

Kinetic
Energy (eV)

50 ± 3.5◦ < 0.1◦ 0.03 Å−1 1000
50 ± 15◦ < 0.4◦ 0.11 Å−1 1000

1
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Figure 16The ARPES endstation layout  

 
The vacuum chamber will be made of mu-metal or have a mu-metal insert, in 

order to minimize magnetic fields. VG-Scienta has decades of experience building such 
chambers. This vacuum chamber will include a cryogenically cooled shield surrounding 
the sample, in order to obtain sample temperatures on the order of 1K. This procedure has 
been demonstrated in the laboratory of S. Shin, at the ISSP, by a former student working 
with J.C. Campuzano. The sample will be mounted on an Oxford Instruments Heliox V 
3He refrigerator, enclosed in a 4He jacket with small sample access, which can cool the 
sample to <400 mK. 

 
The cross sections for d and f states of some elements to be studied are reduced by 

approximately two orders of magnitude at 1000 eV photon energy bring into doubt the 
feasibility of ARPES measurements at these high photon energies.  However, advances in 
both detector and beamline design overcome the drop in cross-section.  Modern electron 
analyzers are able to multiplex 1000 energy channels in energy. The flux expected from 
the beamline will be of order 1.2"1012 photons/sec at the sample with circularly polarized 
light (a factor of 2 greater than the linearly polarized light flux) at 40 meV resolution. 
With these numbers, we can expect a performance similar to that of current experiments 
at lower photon energies, where beamlines provide 2"1011 photons/sec to analyzers that 
multiplex 256 energy channels, albeit at higher energy resolution. A factor of 10 is gained 
from the energy multiplexing of the R4000-WAL 0.1 analyzer, and another factor of 
almost 10 is gained from the very high performance of the beamline. The unusually high 
performance of the beamline is due to the brilliance of the APS, which allows the entire 
cross section of the light to traverse a slit width of only 10 *m. 
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4.5.2 RSXS Endstation 
The RSXS system is designed and built by the Abbamonte group at UIUC. This 

group has a great deal of experience with the design, construction, and operation of 
vacuum scattering techniques. 

 
The end station has a kappa geometry goniometer and uses a hybrid design of in-

vacuum step motors and piezo motors (Fig. 16). The system is based on a large, 1 m 
diameter, bottom flange with an array of electrical feedthroughs for the stepper motors 
and detectors. This flange contains an 8" port at the bottom for an 800 l/s turbo pump, 
which is the main pump for the system, and a port for a titanium sublimation pump, in 
case extra pumping speed is needed.   

 
Figure 17 The top bell-jar flange for the RSXS chamber.  The bullseye denotes the center of the chamber 
where the photon beam will be focused. 

The “two-theta” (TTH) rotary detector stage resembles a rotating table with 
threaded holes (like a small optical breadboard) for maximum detector flexibility.  This 
stage has a 360° range horizontal travel, and is mounted on three sets of ceramic bearings 
to sustain a weight of 30 kg. Actuation is done with in-vacuum step motors using worm 
drives and several gears to get angular resolution of about ~0.001°. In-vacuum lubricants 
assure smooth movement. 
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Figure 18. (a) Drawing of the kappa goniometer that forms the core of the RSXS end station.  The 
geometry gives vastly better angular flexibility than standard goniometer designs, with no additional cost. 
(b) photograph of the actual goniometer. 

 
On the TTH stage are three detectors: A high-sensitivity, single-element, 

channeltron detector, a position-sensitive channel plate detector, and a photodiode for 
routine beam alignment.  An alternate, energy-resolving configuration is also being 
constructed, consisting of a backscattering analyzer at the end of the TTH arm, which 
will likely be a single crystal of Li+TaSe2, and a detector near the sample.  The analyzer 
sits on a piezo stage for angular alignment.  The detector stage has the added flexibility of 
incorporating a polarimeter, though this is not part of the original design. 

  
The vacuum chamber, also 1 m in diameter, will be a “bell-jar” style hoisted from 

above with a chain come-along. The jar will fit to the bottom flange with a UHV wire 
seal. Wire seals are old fashioned and somewhat inconvenient to work with but will allow 
the system to be serviced without dismounting it, which simplifies many other things.  
Routine maintenance will be carried out through an array of 8” viewports that will be 
arranged around the side and top of the chamber. 

 
Sample transfer is accomplished with a small sample load lock and two, 35" 

manipulators.  The first is a magnetic manipulator, for transferring samples from the load 
lock to the main chamber.  The second is a rigid, rotary feedthrough for tightening the 
sample screw.  This latter manipulator, which assures tight mechanical contact between 
the sample and the cryostat, is necessary for achieving low temperature.  A sample 
parking lot is installed in the load lock so that the load lock does not need to be vented at 
every use. 

 
The sample is cooled with a closed-cycle, He displex cryostat.  This system will 

allow low temperatures (~ 10K, or 20K without radiation shields) to be reached without 
the trouble, expense, and safety concerns of using liquid cryogens.  A vibration isolation 
stage, placed between the cryostat and the chamber, minimizes vibrations from the 
expander and ensures that they do not affect the mechanical stages or detectors.   
 

This state-of-the-art system is being produced via commercially available 
components; the one exception is the Li+TaSe2 backscattering analyzer.  This analyzer 
represents a new approach to soft x-ray energy analysis. To ensure success of the project 
additional proven analyzers, which can run in both area- and polarimeter- mode, are 
included in the design. 
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5 Preliminary Safety Analysis 
The beamline conforms to all APS standards.  All white beam is contained in the 

first optical enclosure (FOE). Masks, collimators and radiation shielding have been 
designed so that only pink beam < 3000 eV exits the FOE. Due to the relative low energy 
of the beamline, all Bremsstrahlung radiation is contained within the first and only hutch. 
Ray traces of Bremsstrahlung radiation, horizontal and vertical synchrotron radiation, and 
optical-apertures are shown in Appendix C.  The beamline design is very straightforward 
As there will be no white beam operations.  

 
5.1 Shielding Designs 

The radiation enclosure conforms to the APS standard hutch design and is similar 
to the FOE designed for Sector 4-ID-A.  The IEX beamline radiation enclosure is fixed to 
and supported by the floor of the Experimental Floor and the walls of the Storage Ring 
Radiation Containment Tunnel.  All shielding panels are manufactured as a 
steel/lead/steel sandwich.  The assembled panels create a structural system capable of 
supporting the enclosure and attached equipment including the hoist.  A one square meter 
of 50 mm thick supplemental lead shielding panel is located on the downstream panel 
centered on the white beam.  Access to the roof labyrinth is such that the opening will 
face away from the direction of the beam.  Electrical conduit, water piping and air piping 
will only be routed through specific labyrinths. 

 
The radiation safety interlocks will be designed and installed by the APS.  All 

shielding is compliant to APS standards. The pink beam < 3000 eV does not need 
additional shielding outside of the FOE since the stainless steel vacuum chamber 
provides sufficient shielding. 

 
5.2 Personnel Safety System (PSS) 

The personal safety system (PSS) is designed and installed by the APS Engineering 
and Support Division (AES) Safety Interlocks Group (SI). It consists of a three chain Allen 
Bradley Controllogix programmable logic controller (PLC) system (Gen 3) made up of  of  
two electronic software delivery (ESD) chains and one command and control chain. 
 

The front-end shutters will control access to the FOE.  This station is the only white 
beam area and serves as the only hutch in this soft x-ray beamline. The FOE will have a 
double door assembly consisting of pneumatically actuated door and a manual door. This 
allows easy access to the hutch and access for large equipment by opening both doors.  Both 
doors position will be monitored by PSS.  Search buttons are positioned by AES/SI to ensure 
a thorough search is performed before securing the station.  Crash buttons, emergency egress 
buttons strobes and warning speakers are also installed in the station. The PSS will monitor 
DI-water flows to the beam mis-steering masks (Mask1A and Mask2A), a white beam stop 
and a pink beam stop. In addition to the controls in the FOE, the two experimental 
branchlines each have a doubly redundant mono shutters monitored by the PSS.  The USER 
key is used to control the use of the beamline.   

 
5.3 Equipment Protection System (EPS)  

The beamline equipment protection system (BLEPS) will also be designed and 
installed by AES/SI. Using Allen Bradley Controllogix PLCs. The BLEPS will be used to 
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monitor the beamline vaccum via vacuum gauges and ion pumps, and gate valve 
positionsThe beamline is very long and to isolate pumping sections VAT-UHV viton valves 
will be used and mounted so that the viton is downstream of the source. Between any two 
valves there will be an ion pump, vacuum gauge and a pump out port. 

 
In addtion the BLEPS, will monitor the temperature and water flows of the following 

optical components: M0, M1, M2, gratings and the resolution defining slits Slit3C and 
Slit3D.  Flow rate will be measured with differential pressure flowmeters. M0 and M1 are 
side cooled with the house DI-water system such that any thermally induced errors are within 
the parameter specific for each mirror. The temperature of the mirrors and all mirror masks 
will be monitored via K-type thermocouples and are part of the PLC interlock system. M0 
and M1 are masked to protect the upstream face of each mirror from mis-steered synchrotron 
radiation beam exposure and are designed to withstand the maximum power of the full 
synchrotron radiation beam.  The mirror supports have been designed to minimize exposure 
to scattered radiation. The Compton scattering is a significant source of heat, which would 
result in thermal drift of the optical components. The monochromator consisting of a plane 
mirror, M2, and gratings will be water cooled via a gravity-fed system in order to ensure 
beam stability. In order to farther protect equipment, piping for DI-water supply and return as 
well as compressed air supply and return will, whenever possible, be routed along the cable 
tray support on top of the hutch and spanning the support columns. Inside the hutch these 
utilities will be routed along the storage ring shield walls out of the way of equipment 

 
All the motors along the beamline will be controlled using EPICS with absolute 

encoders. Limit switches will be “normally closed”. The switches and any hard stops will be 
accessible so that adjustments can be made.  
 
5.4 Nitrogen and Compressed Air 

Conventional APS utility service compressed air will be used for pneumatically 
operated beamline equipment such as shutters and valves.  Additionally, APS dry supply 
N2 will be used for clean venting and purging of UHV systems.  All vent valves will be 
equipped with suitable overpressure relief valves.  As such there are no significant risks 
associated with these conventional procedures. 

 
5.5 Ozone Mitigation 

Ozone concentrations for the IEX beamline will be negligible since there will be no 
beam (white, pink or monochromatic) outside of a vacuum enclosure.  The optical design 
requires that entire beamline will be under stringent UHV conditions.    

 
5.6 Cryogenic Safety 

Both end stations will feature a closed-cycle He cryostat.  All the components that 
are at cryogenic temperatures will be located within the vacuum vessel and therefore pose 
no significant risks.  Any time that liquid cryogens are used the safety issues will be 
addressed in the Experimental Safety Approval Form. 
 
5.7 Life Safety Code 

Sector 29-ID is compliant with Life Safety Code; egress aisles and duck-unders are 
clearly labeled on the beamline layout in Appendix B.  Egress aisles are provided with 
more than 400 ft obstruction free access to experimental hall main exits.  No dead-end 
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pockets greater than 50 ft in length exist.  All aisles are approximately 44 inches (1.12 m) 
in width.  Two main egress aisles run alongside the sector beamline, one runs along the 
in-board side of the RSXS (29ID-D) branch (between sectors 29 and 30) and includes a 
duck-under exit, the other runs along the out-board side of the ARPES (29ID-C) branch. 

 
5.8 Fire Safety 

The designs for the IEX enclosure (29ID-A hutch) and transport do not include 
significant fire hazards.  The policies and procedures for accessing and mitigating any 
fire hazard in Sector 29 will be addressed in the final IEX Safety documents. 

 
5.9 Other Hazards 

Sector 29-ID does not currently plan to use any hazardous chemical, electrical 
hazards, high-power lasers, biohazards or any other hazards that would impact beamline 
design. 
 
5.10 Special Operating Requirements 

There are no plans at present, which require special operations requirements for 
Sector 29-ID. 
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Appendix A. Overview of WBS and Major Milestones 
 
Appendix B. Beamline Layout 
 
Appendix C.   IEX Radiation Ray Traces 

Synchrotron: White Beam/Pink Beam, Horizontal View 
Synchrotron: Vertical View 
Bremsstrahlung: Horizontal View 
Bremsstrahlung: Vertical View 
Secondary Bremsstrahlung 
Synchrotron: Monochromatic Beam, Horizontal View 
Mis-steering of M0 and M1 

 
Appendix D.  IEX RSS Components 

RSS Component Reference Table 
RSS Shielding Calculations 
RSS Component Assembly Drawings 

M0 and M1 Beam Mis-steering Masks (WBS: 1.4.3.29.1.6.1) 
  Mask1A 
  Mask2A 
  Mask3A 
  Mask4A 
  Mask5B 

White Beam Stop/Pink Beam Mask (WBS: 1.4.3.29.1.6.2) 
Primary and Secondary Bremsstrahlung Shielding (WBS: 1.4.3.29.1.6.3) 

Primary Bremsstrahlung Stop 
Supplemental Collimator 
Secondary Bremsstrahlung Collimators 1A  
Secondary Bremsstrahlung Collimators 2A  
Secondary Bremsstrahlung Collimators 3B 
Secondary Bremsstrahlung Shielding-Long 
Secondary Bremsstrahlung Shielding-Short   

 Pink Beam Stop (WBS: 1.4.3.29.1.6.4) 
Monochromatic Beam Shutters (WBS: 1.4.3.29.1.6.5) 

M0/M1 Beam Mis-steering Report and Thermal Analysis 
 
Appendix E.  IEX  Component Alignment Tolerances 
 
Appendix F.  IEX EPS Documents 

Power Adsorbed by the IEX Optical Elements 
FEA for M0 
IEX PSS and EPS Component Tables 
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4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

IE
X

 1.4.3.29.1.6.2.1
D

esign
4/4/11

8/12/11
100.0%

IE
X

 1.4.3.29.1.6.2.2
P

rocurem
ent

10/3/11
3/9/12

$20
$20

100.0%
20.00

$20

IE
X

 1.4.3.29.1.6.2.3
Installation

3/26/12
4/27/12

0.0%

IE
X

 1.4.3.29.1.6.3
B

rem
sstrahlung S

top /C
ollim

ators 
1/3/11

5/11/12
$30

87.8%

IE
X

 1.4.3.29.1.6.3.1
D

esign
1/3/11

8/12/11
100.0%

IE
X

 1.4.3.29.1.6.3.2
P

rocurem
ent

10/3/11
2/24/12

$30
$30

90.0%
$30

IE
X

 1.4.3.29.1.6.3.3
Installation

4/9/12
5/11/12

0.0%

IE
X

 1.4.3.29.1.6.4
P

ink B
eam

 S
top/M

ono B
eam

 M
ask

2/28/11
6/8/12

$10
92.2%

$10

IE
X

 1.4.3.29.1.6.4.1
D

esign
2/28/11

8/12/11
100.0%

IE
X

 1.4.3.29.1.6.4.2
P

rocurem
ent

11/7/11
4/13/12

$10
$10

100.0%
$10

$10

IE
X

 1.4.3.29.1.6.4.3
Installation

5/14/12
6/8/12

0.0%

IE
X

 1.4.3.29.1.6.5
M

ono B
eam

 S
hutters (C

 &
D

)
6/6/11

9/21/12
$30

48.8%

IE
X

 1.4.3.29.1.6.5.1
D

esign
6/6/11

10/28/11
100.0%

IE
X

 1.4.3.29.1.6.5.2
P

rocurem
ent

1/23/12
4/27/12

$30
$30

0.0%
$30

IE
X

 1.4.3.29.1.6.5.3
Installation

7/30/12
9/21/12

0.0%

IE
X

 1.4.3.29.1.7
O

ptics and D
iagnostics

6/29/09
9/28/12

$2145
82.4%

1,048.40
230.00

871.00
$110

IE
X

 1.4.3.29.1.7.1
S

lit, W
hite B

eam
, H

 &
 V

 (1A
)

3/25/11
5/16/12

$70
84.2%

70.00
$10

IE
X

 1.4.3.29.1.7.1.1
D

esign
3/25/11

6/27/11
100.0%

IE
X

 1.4.3.29.1.7.1.2
P

rocurem
ent

7/25/11
1/27/12

$70
$70

100.0%
70.00

$10
$70

IE
X

 1.4.3.29.1.7.1.3
Installation

3/26/12
5/16/12

0.0%

IE
X

 1.4.3.29.1.7.2
D

iagnostics, W
ire M

onitor (D
1A

)
7/11/11

6/8/12
$10

86.9%
17.00

IE
X

 1.4.3.29.1.7.2.1
D

esign
7/11/11

10/11/11
100.0%

IE
X

 1.4.3.29.1.7.2.2
P

rocurem
ent

11/21/11
4/16/12

$10
$10

95.0%
17.00

$10

IE
X

 1.4.3.29.1.7.2.3
Installation

5/14/12
6/8/12

0.0%

IE
X

 1.4.3.29.1.7.3
D

iagnostics, D
iagO

n (D
2A

)
7/11/11

7/4/12
$70

36.8%
$100

IE
X

 1.4.3.29.1.7.3.1
D

esign
7/11/11

10/11/11
100.0%

IE
X

 1.4.3.29.1.7.3.2
P

rocurem
ent

11/21/11
4/16/12

$70
$70

10.0%
$100

$70

373839404142434445464748495051525354555657585960616263
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D
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B
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D
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)
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

2008
2009

2010
2011

2012

$4,692
$3,906T: $8598

2,954.60
T: 896.00

3,774.00
T: 

$965
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

IE
X

 1.4.3.29.1.7.3.3
Installation

5/14/12
7/4/12

0.0%

IE
X

 1.4.3.29.1.7.4
S

lit, M
ono B

eam
, 2B

7/5/11
6/25/12

$25
60.5%

44.00

IE
X

 1.4.3.29.1.7.4.1
D

esign 
7/5/11

9/26/11
100.0%

IE
X

 1.4.3.29.1.7.4.2
P

rocurem
ent

12/5/11
4/27/12

$25
$25

50.0%
44.00

$25

IE
X

 1.4.3.29.1.7.4.3
Installation

5/28/12
6/25/12

0.0%

IE
X

 1.4.3.29.1.7.5
S

lit, M
ono B

eam
, 3C

7/5/11
6/25/12

$25
69.0%

28.20

IE
X

 1.4.3.29.1.7.5.1
D

esign 
7/5/11

9/26/11
100.0%

IE
X

 1.4.3.29.1.7.5.2
P

rocurem
ent

12/5/11
4/27/12

$25
$25

50.0%
28.20

$25

IE
X

 1.4.3.29.1.7.5.3
Installation

5/28/12
6/25/12

75.0%

IE
X

 1.4.3.29.1.7.6
S

lit, M
ono B

eam
, 3D

7/5/11
6/25/12

$25
60.5%

28.20

IE
X

 1.4.3.29.1.7.6.1
D

esign 
7/5/11

9/26/11
100.0%

IE
X

 1.4.3.29.1.7.6.2
P

rocurem
ent

12/5/11
4/27/12

$25
$25

50.0%
28.20

$25

IE
X

 1.4.3.29.1.7.6.3
Installation

5/28/12
6/25/12

0.0%

IE
X

 1.4.3.29.1.7.7
M

irror, P
lane 0,1

7/13/09
2/7/12

$355
100.0%

355.00

IE
X

 1.4.3.29.1.7.7.1
D

esign S
pecifications

7/13/09
4/2/10

100.0%

IE
X

 1.4.3.29.1.7.7.2
P

rocurem
ent

4/1/10
4/1/11

$355
$355

100.0%
355.00

$355

IE
X

 1.4.3.29.1.7.7.3
Installation

1/9/12
2/7/12

100.0%

IE
X

 1.4.3.29.1.7.8
M

irror, P
lane 2

7/27/09
8/20/12

$75
90.0%

94.00

IE
X

 1.4.3.29.1.7.8.1
D

esign S
pecifications

7/27/09
8/26/10

100.0%

IE
X

 1.4.3.29.1.7.8.2
P

rocurem
ent

8/1/11
6/1/12

$75
$75

100.0%
94.00

$75

IE
X

 1.4.3.29.1.7.8.3
Installation

6/4/12
8/20/12

0.0%

IE
X

 1.4.3.29.1.7.9
G

ratings
7/27/09

9/28/12
$250

83.5%
58.00

0.00
185.00

IE
X

 1.4.3.29.1.7.9.1
D

esign S
pecifications

7/27/09
8/26/10

100.0%

IE
X

 1.4.3.29.1.7.9.2
P

rocurem
ent

9/1/10
10/28/11

$40
$210

$250
75.0%

58.00
0.00

185.00
$250

IE
X

 1.4.3.29.1.7.9.3
Installation

8/27/12
9/28/12

0.0%

IE
X

 1.4.3.29.1.7.10
G

rating M
ono H

ousing
7/27/09

8/20/12
$575

90.4%
575.00

IE
X

 1.4.3.29.1.7.10.1
D

esign S
pecifications

7/27/09
8/26/10

100.0%

IE
X

 1.4.3.29.1.7.10.2
P

rocurem
ent

6/30/11
5/31/12

$575
$575

100.0%
575.00

$575
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S
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A
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B
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S
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A
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D
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B
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D

O
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)
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

2008
2009

2010
2011

2012

$4,692
$3,906T: $8598

2,954.60
T: 896.00

3,774.00
T: 

$965
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

IE
X

 1.4.3.29.1.7.10.3
Installation

6/4/12
8/20/12

0.0%

IE
X

 1.4.3.29.1.7.11
M

irror, S
pherical 3R

 &
 4R

7/27/09
8/20/12

$50
90.7%

42.00

IE
X

 1.4.3.29.1.7.11.1
D

esign S
pecifications

7/27/09
8/26/10

100.0%

IE
X

 1.4.3.29.1.7.11.2
P

rocurem
ent

9/1/10
9/2/11

$50
$50

100.0%
42.00

$50

IE
X

 1.4.3.29.1.7.11.3
Installation

6/4/12
8/20/12

0.0%

IE
X

 1.4.3.29.1.7.12
M

irror, K
B

 3A
 &

 4A
7/27/09

8/20/12
$50

90.7%
94.00

IE
X

 1.4.3.29.1.7.12.1
D

esign S
pecifications

7/27/09
8/26/10

100.0%

IE
X

 1.4.3.29.1.7.12.2
P

rocurem
ent

9/1/10
9/2/11

$50
$50

100.0%
94.00

$50

IE
X

 1.4.3.29.1.7.12.3
Installation

6/4/12
8/20/12

0.0%

IE
X

 1.4.3.29.1.7.13
M

irror H
osuing 3R

 &
 4R

6/29/09
9/7/12

$250
76.0%

40.00
60.00

150.00

IE
X

 1.4.3.29.1.7.13.1
D

esign S
pecifications

6/29/09
12/3/10

100.0%

IE
X

 1.4.3.29.1.7.13.2
P

rocurem
ent

12/6/10
9/30/11

$250
$250

50.0%
40.00

60.00
150.00

$250

IE
X

 1.4.3.29.1.7.13.3
Installation

7/9/12
9/7/12

0.0%

IE
X

 1.4.3.29.1.7.14
M

irror H
ousing 3A

 &
 4A

6/29/09
9/7/12

$250
62.4%

80.00
170.00

IE
X

 1.4.3.29.1.7.14.1
D

esign S
pecifications

6/29/09
12/3/10

100.0%

IE
X

 1.4.3.29.1.7.14.2
P

rocurem
ent

12/6/10
9/30/11

$250
$250

10.0%
80.00

170.00
$250

IE
X

 1.4.3.29.1.7.14.3
Installation

7/9/12
9/7/12

0.0%

IE
X

 1.4.3.29.1.7.15
B

eam
 P

osition M
onitors (Y

A
G

,m
esh,D

iode)
12/1/10

8/27/12
$50

93.2%
47.00

IE
X

 1.4.3.29.1.7.15.1
D

esign
12/1/10

11/21/11
100.0%

IE
X

 1.4.3.29.1.7.15.2
P

rocurem
ent

1/23/12
7/19/12

$50
$50

95.0%
47.00

$50

IE
X

 1.4.3.29.1.7.15.3
Installation

7/30/12
8/27/12

0.0%

IE
X

 1.4.3.29.1.7.16
D

iagnostics M
onitors (gas C

ell)
3/3/11

8/27/12
$15

91.9%
12.00

IE
X

 1.4.3.29.1.7.16.1
D

esign
3/3/11

11/21/11
100.0%

IE
X

 1.4.3.29.1.7.16.2
P

rocurem
ent

1/23/12
7/20/12

$15
$15

95.0%
12.00

$15

IE
X

 1.4.3.29.1.7.16.3
Installation

7/30/12
8/27/12

0.0%

IE
X

 1.4.3.29.1.8
Vacuum

7/5/11
4/27/12

$487
89.7%

383.60
38.00

59.00

IE
X

 1.4.3.29.1.8.1
Transport pipes 

7/5/11
4/13/12

$13
$13

75.0%
13.00

$13

IE
X

 1.4.3.29.1.8.2
B

ellow
s 

7/5/11
4/27/12

$63
$63

90.0%
24.00

20.00
$63

9293949596979899
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)
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

2008
2009

2010
2011

2012

$4,692
$3,906T: $8598

2,954.60
T: 896.00

3,774.00
T: 

$965
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
91011121

2
3

4
5

6
7

8
9101112

IE
X

 1.4.3.29.1.8.3
V

alves, G
ate 

7/5/11
1/27/12

$70
$70

100.0%
105.00

$70

IE
X

 1.4.3.29.1.8.4
V

alves, A
ngle

7/5/11
1/27/12

$10
$10

100.0%
14.00

$10

IE
X

 1.4.3.29.1.8.5
Ion P

um
ps, C

ontroller, C
ables 

7/11/11
1/27/12

$140
$140

95.0%
124.30

$140

IE
X

 1.4.3.29.1.8.6
R

G
A

9/5/11
11/25/11

$10
$10

75.0%
48.00

$10

IE
X

 1.4.3.29.1.8.7
P

um
p P

orts 
9/12/11

1/27/12
$6

$6
100.0%

7.00
$6

IE
X

 1.4.3.29.1.8.8
V

acuum
 M

onitors, C
ables

7/11/11
1/27/12

$65
$65

100.0%
52.00

$65

IE
X

 1.4.3.29.1.8.9
Turbo P

um
p S

tation
10/10/11

2/24/12
$50

$50
100.0%

31.00
$50

IE
X

 1.4.3.29.1.8.10
D

ifferential P
um

p
11/7/11

3/30/12
$25

$25
50.0%

26.00
$25

IE
X

 1.4.3.29.1.8.11
G

askets, Flanges, V
iew

ports, B
olts, Tools

9/5/11
1/27/12

$35
$35

95.0%
11.30

5.00
$35

IE
X

 1.4.3.29.1.9
Supports, H

ardw
are etc.

1/3/11
1/27/12

$90
82.6%

31.30
17.00

$5

IE
X

 1.4.3.29.1.9.1
B

eam
line com

ponents table
1/3/11

1/27/12
$50

$50
95.0%

25.30
$50

IE
X

 1.4.3.29.1.9.2
S

teel, C
olum

n
1/3/11

1/27/12
$30

$30
100.0%

6.00
7.00

$30

IE
X

 1.4.3.29.1.9.3
M

ounting H
ardw

are
2/7/11

1/27/12
$10

$10
50.0%

10.00
$5

$10

IE
X

 1.4.3.29.1.10
Sam

ple Stations
10/1/10

7/9/12
$1300

70.0%
1,150.00

150.00

IE
X

 1.4.3.29.1.10.1
A

R
P

E
S

...
10/1/10

7/9/12
$650

$650
50.0%

500.00
150.00

$650

IE
X

 1.4.3.29.1.10.2
R

S
X

S
 S

tation 650 ...
1/3/11

5/31/12
$650

$650
95.0%

650.00
$650

IE
X

 1.4.3.29.1.11
Survey and A

lignm
ent

1/9/12
9/28/12

$0
15.0%

$0

IE
X

 1.4.3.29.1.12
C

om
puters/C

ontrols
5/10/10

10/28/11
$160

87.1%
81.00

19.00
60.00

IE
X

 1.4.3.29.1.12.1
C

om
puters/netw

ork
5/10/10

2/25/11
$60

$60
100.0%

60.00
$60

IE
X

 1.4.3.29.1.12.2
C

ontrols
5/10/10

10/28/11
$100

$100
80.0%

81.00
19.00

$100

IE
X

 1.4.3.29.1.13
PSS/EPS

1/25/11
6/8/12

$110
$110

85.0%
90.00

$15
$110

IE
X

 1.4.3.29.1.14
U

tilities
3/17/09

3/7/11
$70

$70
75.0%

20.00
$25

$70

IE
X

 1.4.3.29.1.15
Sam

ple Preparation Enclosure
10/3/11

8/31/12
$150

$150
15.0%

$150
$150

IE
X

 1.4.3.29.1.16
R

igging
1/12/10

5/2/12
$5

$5
40.0%

5.00
$15

$5

IE
X

 1.4.3.29.1.17
M

aterials and Supplies
2/23/10

6/22/12
$75

62.5%
18.00

40.00
121.00

$170

IE
X

 1.4.3.29.1.17.1
M

&
S

2/23/10
6/22/12

$50
$50

50.0%
40.00

$170
$50

IE
X

 1.4.3.29.1.17.2
M

&
S

2/23/10
6/22/12

$25
$25

75.0%
18.00
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From: Roger Dejus <dejus@aps.anl.gov>
Subject: Re: IEX Mask 1

Date: July 15, 2011 12:09:02 PM CDT
To: Dana Capatina <capatina@aps.anl.gov>
Cc: "Christa A. Benson" <benson@aps.anl.gov>

Dana and Christa,

I calculated the aperture-limited power and the on-axis power density for linear horizontal polarization mode with the first
harmonic energy at 250 eV (worst case scenario) for the IEX 12.5-cm-period EM undulator (L=4.8m, N=38). The effective K
value for this energy is 5.27. However, slightly larger K values were used to match the results of the "real" field obtained from
magnet modeling for different cases shown here:

Case            K value    Correction Factor
----            -------    -----------------
Total Power     5.428        1.03
Aperture Power  5.797        1.10
Power Density   6.008        1.14
---

An aperture of 5.58 mm (h) x 5.58 mm (v) @ 31.5 m was used, which corresponds to the expected beam size at the location of
the pink beam mask (beam size is determined by the fixed mask at 25.4 m). The Au-coated mirror "MO" was assumed to be hit
by a missteered photon beam at the very large incidence angle of 1.4 degrees. The larger the incidence angle the lower the high
energy cutoff of the mirror - thus this relatively large incidence angle limits the amount of high energy photons passing to
downstream components such as the pink beam mask. The mirror energy cutoffs are approx. 20 keV for 0.4 degrees (normal
operating condition) and 5 keV for 1.4 degrees for Au coating. (The mirror M1 is assumed not to be in the beam path for the
missteered beam.)

Calculated aperture power and on-axis power density for
E1 = 250 eV (lin. hor. polarization) at 7.0 GeV and 200 mA.
----------------------------------------------------------
Total power: 6.4 kW 
On-axis power density: 101.6 kW/mrad^2; (= 102 W/mm^2 @ 31.5 m)

Aperture power [5.58 mm (h) x 5.58 mm (v)] and on-axis power density at 31.5 m 
------------------------------------------------------------------------------
Quantity                w/o Mirror    w/ Mirror MO @ 1.4 deg. 
--------                ---------     ----------------------
Power                   1735 W        49 W 
On-axis power Density   102 W/mm2     1.5 W/mm2
-------------------------------------------------- 

Note 1: If the angle of incidence would be smaller than 1.4 degrees, the power and power density after the mirror become higher.
For example for the case of using a normal incidence angle of 0.4 degrees the aperture power after the mirror becomes 444 W
and the on-axis power density becomes 15.9 W/mm^2. Thus the results are sensitive to the *min* angle of the missteered beam
that would cause the beam to hit the pink beam mask. The power density profile was not determined here. One notice however
that the profile is not uniform inside the aperture after MO and the power density may in fact be somewhat higher off-axis than
on-axis for large misteered angles. But the effect is not particularly large and a uniform profile matching the aperture power may
be assumed.

-Roger.

On 7/12/2011 1:56 PM, Dana Capatina wrote:
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Hi Roger,

For the IEX beamline, I need to analyze a pink beam mask for thermal and stress performances. The mask is 
situated at 31.5m, inside the mirror tank. 

The components upstream of the pink beam stop we need to account for are:
- 4.5mm X 4.5mm exit mask at 25.4m
- M0, flat mirror, horizontal deflecting, 1.4° at 30.8m; Gold coated; the mirror length = 600mm.

The beam size at the mirror is 5.46mm x 5.46mm and at the mask is 5.58mm x 5.58mm.

The purpose of this mask is to intercept the pink beam for a particular mis-steered beam case, when the angle 
between the white beam and the mirror is 1.4°. In the normal conditions this angle is 0.4°.

Could you please calculate the total power and the peak power density (W/mm^2) at the mask location for the 
linear mode horizontal polarization at closed gap and 200 mA?

Thank you very much,
Dana
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2 Reference information and key dimensions 
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3 Model and mesh 
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4 Power calculation 










 


              



 

         





5 Material properties 
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6 Boundary conditions 
             



            
   
               





76



   



7 Thermal and stress analysis 
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7 Thermal and stress analysis 
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We summarize our calculations of the power absorbed
by the first four optical elements of the IEX beamline
under several insertion device (ID) conditions. The ID
has 38 periods of 12.5 cm and the stored current in the
ring is assumed to be 0.2 A. The numerical results for
each one of the cases described below has been sent with
this report as excel files for finite element analysis (FEA).
The first row and first column in the excel tables give the
mirror coordinates in mm and their intersection gives the
corresponding absorbed power density in W/mm2.

The total power and power density were calculated us-
ing the SRCalc code [1] at several photon energies for the
three gratings planned for the monochromator. The pa-
rameters of the machine and the insertion device used in
the calculations are given in Table I. We have assumed
a 12.5 cm period device and increased the current to 200
mA. The beamline acceptance was taken as 4.5×4.5 mm2.

The figure, distance from the source, deflection, and
incidence angle of the optical components are listed in
Table II. All optics are assumed to have a Au optical
coating. The third plane mirror, M2, is an integral part
of the monochromator.

The meridional deformations of M0 and M1 will af-
fect the horizontal spot size whereas those along their
widths (multiplied by the forgiveness factor, the sine of
the angle of grazing incidence on the mirror) will affect
the monochromator resolution. For M2 and the grat-
ing, which deflect the beam along the dispersion direction
(vertical plane), the effect of the meridional deformations
affect the resolution and the sagittal deformations the
horizontal spot size.

The highest power density absorbed by M0 is when

TABLE I: Source parameters. σx(y) is the electron beam size

along the horizontal (vertical) direction and σx�(y�) is the elec-

tron beam divergence

Electron Energy (GeV) 7.0

Electron Current (A) 0.20

σx (µm) 275

σy(µm) 9.0

σx� (µrad) 11.3

σy�(µrad) 3.0

ID period (mm) 125

Number periods 38

TABLE II: Figure, distance from the source, angle of inci-

dence, and deflection of the optical components

Figure Distance Grazing Angle Deflection

(m) (deg)

M0: Plane 30.5 0.4 Horizontal

M1: Plane 31.3 1.5 Horizontal

Monochromator: M2 39.3-39.6 0.8-5.75 Vertical

Monochromator: Grating 39.7 1.4-6.3 Vertical
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FIG. 1: Power density absorbed by M0 when the ID is tuned

to 250 eV.

the insertion device is tuned to emit the lowest photon
energy, 250 eV. The maximum power density in this case
is 0.55 W/mm2 as seen in the image plot displayed in
Fig. 1. The total absorbed power is 920 W.

The highest power density absorbed by M1 is actually
when the ID is tuned near 770 eV to emit either horizon-
tal or vertical linear polarization. The image plot for the
horizontal case is seen in Fig. 2 . With either polarization
the absorbed power density is almost 0.45 W/mm2 and
the total absorbed power is near 280 W.

The results for M2 and the grating depend not only
on the insertion device and the previous mirrors but also
on the grating being used. For the same photon energy,
a higher line density grating implies a smaller angle of
normal incidence on M2 and therefore a higher power
density. Fig. 3 shows the case where the insertion device
is tuned to emit horizontally polarized radiation at 384
eV. The absorbed power density is slightly higher than
0.06 W/mm2 and the total absorbed power is near 32 W.
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FIG. 2: Power density absorbed by M1 when the ID is tuned

to emit horizontally polarized photons at 770 eV.
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FIG. 3: Power density absorbed by M2 when the ID is tuned

to emit horizontally polarized photons at 384 eV.

The grating absorbs the least power. Fig. 4 shows the
case with the highest power density, approximately 12
mW/mm2 and a total power of 10 W that occurs when
the insertion device is tuned to emit horizontally polar-
ized radiation at 770 eV and the grating has 400 l/mm.
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FIG. 4: Power density absorbed by the 400 l/mm grating

when the ID is tuned to emit horizontally polarized photons

at 770 eV.

[1] R. Reininger, SRCalc (2001-2009).
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1. Summary 
FMB Oxford has conducted a preliminary FEA study for the M0 mirror optic for the IEX 
beamline on Sector 29 at the Advanced Light Source, Argonne National Laboratory, USA. 

Effects of heat load due to x-ray beam and side water cooling of the substrate on the distortion 
of the optical surface were analysed. The aim of the study was to optimise the size and position 
of the undercut in order to minimise the thermal expansion and reduce slope errors.  

The absorbed power distribution on the surface of the mirror was calculated analytically using 
Spectra 8 and XOP 2.3 packages.  

The effects of increase in coolant temperature along the length of the cooling pipes were not 
included in the model.  The input data of ambient temperature and heat transfer coefficients for 
the FEA models were calculated using general fluid- and thermodynamics. 

The effect of the heatload on the mirror was analysed for the maximum operating condition 
described in the Statement of Work in the Call for Tender. 

The M0 was analyzed in this case, however the heatload of M1 is such that it is likely to 
demonstrate the same behaviour as M0.  
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2. Introduction 
This report summarises the boundary conditions and results of FEA study carried out for        
M0 mirror for the IEX Beamline at Sector 29 of the APS. 

A model that includes a Silicon substrate of 600 mm (L) x 80 mm (W) x 50 mm (D) with side 
water cooling via side mounted copper blocks and an Indium film interface was used in the 
simulation. 3D CAD models were initially created using Solid Edge 20.0. The study was 
conducted using ANSYS v.11 finite element analysis (FEA) program.  

An undercut at a distance of 10mm from the optical surface and a width of 5mm was chosen as 
the best starting point based on previous FE analysis.  The depth of the cut was examined and 
9mm was accepted as the best value to reduce slope errors. 

Calculations of the flow rate and heat transfer coefficient are not provided here but are available 
upon request. 
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3. Specifications 

3.1. Beam power 
The power load used in this analysis was calculated using Specta 8.0 and XOP 2.3 packages. 
The most up-to-date parameters of the undulator source used in the calculations were as 
provided by the customer [1].  

Source parameters:   E= 7 GeV 

    I= 200 mA 

    Undulator period: 12.5 mm 

    Undulator length: 4.8 m 

    Number of periods: 38 

 Deflection parameter: K=5.27 

 
Other constraints [1]:  Distance from source to M0: 30.5 m 

    Horizontal beam opening angle at M0: 119 µrad 
    (520mm long footprint at 0.4°) 

    Vertical beam opening angle at M0: 147 µrad 
    (4.5mm) 

  Mirror coating: Au 

  Mirror substrate: Si 

  Mirror incidence angle: 0.4° 

  Substrate size: 600 mm (L) x 50 mm (D) x 80 mm (W) 

  Mirror orientation: horizontally deflecting 

The resulting absorbed power of this case is 741W rather than the 920W defined in the CFT 
documents due to the reduction in horizontal acceptance from 4.5mm to 3.64mm. 

The power distribution absorbed by the mirror is shown in Figure 1. 
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Figure 1. Distribution of absorbed power density.  The Y direction is along the beam. 

 

3.2. Mechanical Design 
The design chosen is a side-cooled mirror substrate. Thermal interface between the substrate 
and the copper cooling blocks is assured by an Indium foil. The substrate will be manufactured 
from Si. The size of the substrate is 600 mm (L) x 50 mm (D) x 80 mm (W).  

The cooling blocks will be pushed to the mirror substrate by a force of ~50 N per cooling clamp. 
There are ten cooling clamps at each side of the substrate. 
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4. Parameters of the model 
4.1. Cooling & Clamping 

Calculations for the water cooling system were performed but are not presented herein.  The 
boundary thermal condition (Ambient Temperature) applied on the cooling pipes in FEA were 
an ambient temperature of 20˚ C plus calculated bulk temperature rise. The effect of 
temperature rise along the cooling channel was ignored. 

A heat transfer coefficient was calculated between water and cooling channel and applied as a 
convection boundary along the whole length of the cooling lines. 

The mirror was analysed with quarter symmetry and was modelled accordingly. The block is 
supported from its side with a frictionless support. The clamping effect of the cooling blocks was 
not modelled since from past experience it can be shown to be insignificant. 

4.2. Properties of Materials and Interfaces 
The substrate will be made of Si and the cooling blocks will be made of OFHC copper. The 
cooling pipes will be made of copper and brazed to the copper cooling blocks. The pipes 
themselves are modelled. 

Mechanical and thermal properties of the materials are given in Table 1. 

 

Table 1. Properties of Materials 

Material Property OFHC Cu SiC 

Young’s Modulus 1.17 x 1011 Pa 1.558 x 1011 Pa 

Poisson’s ratio 0.35 0.2152 

Density 8900 kg/m3 2330 kg/m3 

Coefficient of thermal 
expansion 

1.9 x 10-5 oC-1 2.616 x 10-6 oC-1 

Thermal conductivity 396 W/(m . oC) 151.25 W/(m . oC) 

 

Interface transfer coefficients were 4,000W/m2K between the Copper cooling block and the 
silicon substrate (via the Indium foil interface) and 9,000W/m2K between the copper cooling 
block and the copper cooling lines. 
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5. Results and Discussion 
5.1. Temperature & stress distribution 

The results for the temperature distribution in Si are given below in Figure 2 for an undercut of 9 
mm. 

 

 
Figure 2. Temperature distribution on the substrate of the mirror 

 

 

We have also calculated the equivalent (Von Mises) stress and the results in Figure 3 
demonstrate the stress at an undercut depth of 9 mm. 
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Figure 3. Calculated distribution of equivalent stress in the optics 

 

Both the temperature and stress plots show good correlation with the preliminary FEA included 
in the Call for Tender Documents 
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5.2. Tangential Slope Error 
The tangential slope error is the deviation from flat along the crystal length parallel to the beam 
under the operating thermal loads. Figure 4 shows the vertical displacements and slope errors 
at the centre of the beam footprint. 

 
 Figure 4. Variation of surface displacement and slope along the length of the mirror 

and associated slope error 
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Figure 5. Variation of surface displacement and slope along the length of the mirror 

and 2.66 µad RMS corrected slope error after subtraction of R=120km 
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Figure 6. Variation of surface displacement and slope along 75% of the illuminated length of the 

mirror and 0.37 µad RMS corrected slope error after subtraction of R=120km 
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6. Conclusions 
The results shown herein show good agreement with those presented in the supporting 
documents of the Call For Tender. 

For an undercut of 9mm, the best fit radius is 120km, much larger than the 10km radius 
required, so this is more than satisfactory.   

The associated slope error over the total illuminated length is 2.66 µrad RMS and 0.37 µrad 
RMS for 75% of the illuminated length. 

If these slope errors are cause for concern to improve the performance we could consider 
opening up the white beam slits to increase the acceptance and increasing the length of the M0 
substrate to 770mm and the M1 substrate to 350mm and illuminating them over the full length.  
Downstream horizontally-defining slits could then trim off the beam reflected at either end of the 
optics to achieve better than 0.25 µrad RMS off each optic for the required beam acceptance. 

This can be done at minimal incremental cost and may be worthwhile considering that the effect 
on the beam from M0 is then repeated again on M1 immediately downstream. 
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